We have developed a new method of obtaining high resolution 31 P nuclear magnetic resonance spectra from canine heart without the need for major surgery. This is done by passing an elliptical nuclear magnetic resonance receiver coil through a peripheral blood vessel into the right or left ventricle. This technique enables spectra to be obtained from a defined region of myocardium in less than 7 minutes (for the right ventricle) with a signal:noise ratio of greater than 9:1. With this catheter-coil, useful cardiac metabolic information will be obtainable, not only from specified regions of the heart, but also from various layers of myocardium. (Circ Res 55: 261-266, 1984) 31
SUMMARY. We have developed a new method of obtaining high resolution 31 P nuclear magnetic resonance spectra from canine heart without the need for major surgery. This is done by passing an elliptical nuclear magnetic resonance receiver coil through a peripheral blood vessel into the right or left ventricle. This technique enables spectra to be obtained from a defined region of myocardium in less than 7 minutes (for the right ventricle) with a signal:noise ratio of greater than 9:1. With this catheter-coil, useful cardiac metabolic information will be obtainable, not only from specified regions of the heart, but also from various layers of myocardium. (Circ Res 55: 261-266, 1984) 31 P NUCLEAR magnetic resonance (NMR) is a valuable tool in determining the concentration and turnover of high energy phosphate compounds in various tissues, and has provided unique insights into cellular energetics (Shulman et al., 1979; Ackerman et al., 1980; Gadian and Radda, 1981; Meyer et al., 1982; Balaban, 1984) . The noninvasive nature of NMR permits these measurements to be made in vivo, where neurological and endocrine feedback remains intact. These in vivo experiments can effectively be done for superficial tissues using surface coils , but internal organs, such as the heart, present difficulties with reduced sensitivity and spatial selectivity. Indeed, the noninvasive character of NMR is occasionally waived in favor of major surgery in order to place the NMR transceiver on the internal organ Nunnally and Bottomley, 1981; Koretsky et al., 1983) , allowing a greater signahnoise ratio and regional specificity than do external devices. New noninvasive techniques being developed are capable of sampling specific regions distant from transmitter and receiver coils, but suffer from a reduced signal:noise ratio (Hinshaw, 1976; Hoult, 1979; Bendel et al., 1980; Gordon et al., 1980; Cox and Styles, 1980; Balaban et al., 1981; Bottomley, 1982; Scott et al., 1982; Haselgrove et al., 1983; Haase et al., 1983; Bendall and Gordon, 1983) . We report a method of placing an NMR coil in the heart without the need for major surgery, by passing the coil through a peripheral blood vessel. We have reasoned that, in cardiac studies, it is imperative to obtain routine catheterization data to determine the physiological state of the heart, and therefore, advancing an NMR transceiver through a peripheral blood vessel, in a similar manner, would not be excessive. Using this catheter-coil, we have collected 31 P NMR spectra from the right and left ventricles of anesthetized canines, without appreciable alteration of cardiovascular physiological parameters.
Methods
The catheter-coil consisted of a two-turn elliptical transceiver coil, 7.5 X 24 mm, in the case of the right ventricle, fashioned from copper magnet wire and insulated with polystyrene before passage through a blood vessel to the heart. A smaller coil, 3.5 X 20 mm, was used in studies of the left ventricle because of the small caliber of blood vessel used for its passage. The elongated coil shape (see Figs. 1 and 3) was necessary to permit introduction into a narrow blood vessel, while still allowing a reasonably large area of irradiation, thereby yielding an adequate signal:noise ratio.
Because this is not a common shape for an NMR transceiver coil, we have mapped its magnetic field profile at 32.5 MHz. Figure 1 is a schematic diagram of the coil which illustrates the coordinate system used for this mapping. "Ro' corresponds to the long axis of the coil, V to the short axis of the coil. With the long axis of the coil parallel to the main magnetic field (B o ), a small sensing coil was used to detect the field, B i%y , generated by the coil perpendicular to B o . The sensing coil was placed at different positions, R, along the long axis Ro, and the field was measured as the coil was moved along the short axis r, as well as away from the face of the coil. The results of this procedure are presented in Figure 2 , A-C, where three different positions of the coil along the long axis are presented: Figure 2A , at the center of the coil (R/Ro = 0), Figure 2B , 60% of the way to the end of the coil (R/Ro = 0.6), and Figure 2C , past the end of the coil (R/Ro = 1.17). Curves for the B )xy field strength are plotted for several positions along the short axis, r, in the dimensions of r, and as a function of the distance from the face of the coil, also in dimensions of r. The field profiles for R/Ro greater than 1, indicate that B lxy falls off dramatically for all displacements parallel to the short axis. For R/Ro less than 0.6, the field is appreciable at points which extend past the short axis of the coil. This gives a more spherical field distribution than would be anticipated by the coil shape, despite the very narrow short axis, and is a result of the coil's alignment with its long axis parallel to B o . Figure 2 also demonstrates that, for distances from the coil face greater than 2r (for R/R o less than 0.6), and 3r/2 (for R/ Ro greater than or equal to 0.6), the field falls off dramatically.
The coil was coarsely tuned with an American Technical Ceramics 130 pf porcelain capacitor placed at the coil. Matching of the circuit and further tuning of the coil were done with a tuning box at the end of a 50-cm RG 174/U 
FIGURE 2. Field map of a 7.5 mm x 24 mm 2-turn solenoid, with the long axis parallel to the static magnetic field Bo. Panels A-C correspond to three different positions along the long axis of the coil (panel A) where R/Ro = 0 (i.e., center of the coil), (panel B) R/Ro = 0.6 and (panel C) R/Ro = 117. Each curve is the field strength of B lxy as a function of distance from the face of the coil for a different value of placement along the short axis r, in dimensions of r. The distance from the face of the coil is also reported in dimensions of r.
nonmagnetic coaxial cable with two Johanson JMC 5601 variable capacitors, one in parallel, and one in series with the coil. Maximum 31 P signals were obtained with 6-^sec pulses when the coil was immersed in a beaker of saline containing phosphate.
The cardiac experiments were performed on an Oxford Instruments TMR-32 magnet with a 20-cm bore at 1.89 Tesla and 32.5 MHz resonance frequency for 31 P. The magnet is interfaced to a Nicolet RF console, and data are collected in the Fourier transform mode on a Nicolet 1280 computer. Shimming of the magnet was done on the tissue water resonance. Proton water linewidths of 22-45 Hz were routinely obtained. Spectra were collected in blocks of 400 scans with pulse delays of 0.75-10 seconds, and an acquisition time of 0.25 second. Resolved peaks with a signal:noise ratio of 9.4:1 for the phosphocreatine resonance were obtained in 6.8 minutes in the right ventricle, with an acquisition cycle time of 1 second. Acquisition of NMR signals from arterial blood was begun within 5 minutes after withdrawal. The canine blood spectrum was obtained in a 12-mm NMR tube on a Nicolet NT-360WB system with an 8.4 Tesla magnet, and 31 P resonance frequency of 146 MHz.
We examined the right ventricle of beagles by insertion of the catheter-coil through a superficial cutdown in the external jugular vein. It was then passed, with fluoroscopic monitoring, into the right ventricle and positioned near the ventricular apex. Animals were anesthetized first with intravenous pentobarbital, then with halothane (l%)-nitrous oxide (50%)-oxygen inhalational anesthesia. Blood pressure monitoring was performed with a cannula which was passed from the femoral artery into the descending aorta, and a Swan-Ganz catheter passed from the femoral vein into the pulmonary artery. Arterial blood gas measurements were obtained to ensure adequate oxygenation and ventilation, and ECG leads were attached to detect any arrhythmias. No significant arrhythmias were noted throughout the experiment. Pulse rate (60-80 beats/min), blood pressure (115-125 mm Hg systolic), and pulmonary artery wedge pressure (10-18 mm Hg) were unchanged by the insertion of the coil in 13 dogs.
Left ventricular studies were undertaken in the same manner, except that the coil was inserted in the common carotid artery after exposure of the vessel. Again, no changes in the cardiac function were observed in three animals.
Definitions: a-ATP, /J-ATP, and 7-ATP correspond to the a-, /3-, and -y-phosphates of ATP, respectively. For ADP, the same nomenclature is used.
Results
An x-ray of the coil positioned in the right ventricle is shown in Figure 3 . From multiple views on fluoroscopy during advancement, we have determined that the coil is near the apex of the right ventricle. A 31 P NMR spectrum from the coil in this position is illustrated in Figure 4 . Creatine phosphate (CrP) (peak C), ATP (peaks D, E, F), 2,3-diphosphoglycerate, inorganic orthophosphate, and phosphomonoesters (peak A), and phosphodiesters (peak B) were easily resolved in this spectrum. This spectrum was the average of 120 acquisitions with an interpulse delay of 10 seconds (ca. 20 minutes of collection time).
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FIGURE 3. A lateral thoracic x-ray of a beagle with the catheter coil (white arrow) passed from the external jugular vein into the right ventricle. Also, note the presence of a Swan-Ganz catheter (white arrow head) in a pulmonary artery, and a catheter in the descending aorta (black arrow head).
A stack plot of 31 P NMR spectra collected from a coil with similar placement is shownin Figure 5 . The spectra shown here were collected sequentially, and each spectrum represents ca. 6.8 minutes of data acquisition (i.e., 400 scans, 1-second interpulse delay). Similar reproducibility, as demonstrated in this figure, was found over 2 hours in 10 dogs studied. FIGURE 4. A 31 P NMR spectrum obtained with the receiver coil in the right ventricular apex. The 31 P resonance frequency is 32.5 MHz, and 120 scans were collected with a 10-second interpulse delay. The pulse width is 6°sec, and a line broadening of 10 Hz was applied. The peak assignments are: peak A, phosphomonoesters, 2,3-DPC, and inorganic orthophosphate; peak B, phosphodieslers; peak C, phosphocreatine; peak D, a-ATP and a-ADP; peak E, a-ATP and P-ADP, and NAD; peak F, fi-ATP.
FIGURE 5. Stack plot of eight spectra collected sequentially from the right chamber of the heart. Each spectra is the average of 400 acquisitions with a 1-second interpulse delay. A 15-Hz line broadening was applied. 31 P NMR spectra with interpulse delays of 10 seconds, as shown in Figure 4 , were collected in order to obtain information on the relative peak intensities. Using the curve-fitting routine supplied with the Nicolet Magnetics software for lorentzian line fitting, we calculated a CrP:ATP ratio of 1.7 (range 1.5-1.9, in four animals) using the /3 peak of ATP for the calculation. This is in agreement with the value of 1.6 for open-chest coil placement in rats . For perfused hearts, values between 1.2 and 1.6 have been noted, depending on the perfusion medium and the type of preparation (Matthews et al., 1982; Ingwall, 1982) .
To determine the contribution of blood phosphorus compounds to the heart spectrum, we examined the 31 P NMR spectrum of well-oxygenated canine blood immediately after withdrawal. In Figure 6 , we note that there is a large pair of peaks corresponding to the phosphates of 2,3-DPG, whereas there are much smaller resonances for ATP. The 2,3-DPG:ATP ratio was greater than 20:1, using the 0 ATP to estimate the ATP content. If the peak corresponding to peak A in Figure 4 were totally produced by 2,3-DPG, then the ATP in blood could account for no more than 5% of the observed ATP resonance intensity. The previously stated CrP:ATP ratio, therefore, is representative of the right ventricular myocardium.
The metabolic state of the left ventricle may be i i i i 10 0 -1 0 -20 PPM FIGURE 6. A canine blood 31 P NMR spectrum collected at 147 MHz. The pulse width is 22 usec (ca. 80°), with an acquisition time of 1.02 seconds and a delay time of 10.0 seconds. Two hundred scans were collected, and a line broadening of 15 Hz was applied. Peak assignments are: peak A, phosphates at the 3 and 2 positions of 2,3-DPG; peak B, orthophosphate; peak C, phosphodiesters; and peaks D, E, and F are the phosphates of ATP as described in Figure 4 . more interesting than that of the right ventricle, noting its greater contribution to cardiac work, and we show in Figure 7 that 3I P NMR spectra can be similarly obtained from the left ventricle with a catheter-coil. This spectrum was obtained with a 1second pulse delay, rather than the 10-second delay used in Figure 4 because of the reduced signal:noise ratio in the CrP and ATP resonances, and the desire to minimize data acquisition time. It is understood that the different conditions of data acquisition do not permit comparison of spectra from the right and left ventricle, nor quantification of the relative concentrations of phosphorus compounds in the left ventricle. Note that a tall peak corresponding to 2,3-DPG is present (with some contribution from inorganic orthophosphate and phosphomonoesters). This probably is a result of slightly greater displacement of the coil from the myocardium, compared to the right ventricle studies. The contribution of blood to the observed ATP resonance is, however, still minimal, based on the size of the 2,3-DPG in this spectrum. If the coil is displaced from the cardiac wall in the left ventricle, longer pulse widths may eliminate the blood signal near the coil, as previously used to eliminate the skin and tissue near an external surface coil (Balaban et al., 1981) . In preliminary studies, we have found that increasing the pulse width to 20-30 ^sec will reduce the 2,3-DPG signal, supporting the contention that the cardiac wall is displaced from the coil face by our present coil placement technique in the left ventricle.
Discussion
In these studies, we demonstrated that 31 P NMR spectra can be collected from the right and left ventricles of the heart. In the right ventricle, we were able to collect spectra in 6.8 minutes with a signal:noise ratio of greater than 9:1. In the left ventricle, the signal:noise ratio was much worse, with a minimum acquisition time on the order of 20 minutes. We have only studied the left ventricle in three animals, and believe that the poor signal:noise ratio is due to difficulty in coil positioning with respect to the myocardium, as suggested by the large 2,3-DPG peak and our preliminary pulse width experiments. Further work is required to obtain the same signal:noise ratio as in the right ventricle, although-in principle-this should be obtainable. This might be accomplished by gating the NMR acquisitions to the heart beat (i.e., collecting the signal when the coil is adjacent to the heart wall) or with more experience in coil placement in the left ventricle.
The catheter-coil technique differs from other methods of obtaining cardiac NMR spectra in two important respects. First, it is less invasive than thoracotomy, at the same time permitting a large coil-filling factor which should improve the signal:noise ratio. The noninvasive techniques under current development, such as the sensitive point method (Hinshaw, 1976; Bottomley, 1982; Scott et al., 1982) , topical magnetic resonance (Gordon et al., 1980) , chemical shift imaging (Hoult, 1979; Cox and Styles, 1980; Bendel et al., 1980; Haselgrove et al., 1983; Haase et al., 1983) , and surface coil focusing (Balaban et al., 1981; Bendall and Gordon, 1983; Bendall and Aue, 1983) are probably reduced in sensitivity in comparison to the catheter-coil, due to smaller effective coil-filling factors. Second, as we have shown in the field profile analysis, the catheter-coil can sample a region 3-4 mm from the face of the coil. Thus, internal placement of the coil permits the study of the subendocardium rather than the full thickness of heart muscle, and may permit variation of the depth examined through alteration of the pulse width (Balaban et al., 1981; Bendall and Gordon, 1983; Bendal and Aue, 1983) . Because of the higher sensitivity of the subendocardium vs. deeper tissues to ischemia, as well as other pathological processes (Braunwald, 1984) , this technique offers some advantages over previously used NMR techniques in studying clinically relevant problems. This technique is hampered by the need to enter the vasculature surgically in order to obtain spectroscopic information. The present procedure also does not include a method of coil fixation to ensure maintenance of position. Although some movement could occur during drastic changes in heart rate or work output, no movement was detected during these steady state experiments, as judged by both xray images and NMR spectra. Even if more severe protocols did result in coil displacement, the relative intensities of the peaks would still reflect the metabolic state of the particular chamber under study. Both of these problems can be overcome with the use of collapsible coils enabling percutaneous advancement, and the development of coil fixation, not unlike those used in endocardial pacemakers. In addition, significant improvement in signahnoise ratio may be obtained by using a large transmitter coil (around the outside of the animal) and the cathetercoil for a receiver only. This would maintain its spatial localization and provide a more homogeneous B] field. Such changes will increase the ease of performing experiments, and improve the applicability of the catheter-coil technique to medically relevant problems.
We have demonstrated that it is possible to obtain in vivo high resolution 31 P NMR spectra from defined regions of both the left and right ventricles 265 without the need for major invasive surgery. With only slight modification, this technique should be applicable to the study of other internal organs.
